Hepatocellular carcinoma (HCC) is a cancer with high incidence and mortality in Taiwan. HCC cells exhibit different morphological features in divergent shapes and having pleomorphic nuclei from normal liver cells. Microtubules (MTs), intermediate filaments (IFs), and microfilaments (MFs) are major components of the cytoskeleton that are essential to maintain the integrity of eukaryotic cells (1). Proper cross-linking structures among these cytoskeletal proteins are crucial for intracellular architectures and normal cellular morphology. Plectin exhibits the binding sites accessible to IFs, MTs and MFs rendering the interaction with a variety of cytoskeletal components to maintain the integrity of the cytoskeletal network (2). The rope-like IFs have a mean diameter of 10 nm and mainly play a role in maintaining the shape and mechanical integrity of a cell (3). In human hepatocytes, a cytokeratin (CK) pair composed of CK8 (type II, 52 kD) and CK18 (type I, 45 kD) renders IFs (4). CKs are required for maintaining the integrity of hepatocytes (5). Altered expression of keratin genes were associated with chronic hepatitis, increased hepatocyte fragility and decreased bile secretion (6).
Abstract. Unstable cytokeratins are associated with tumor transformation in the development of human hepatocellular carcinoma. We previously demonstrated that the cytokeratin 18 was modulated and that a histone H3-specific modification occured, among members of the histone family, during the development of human hepatocellular carcinoma. Evidence suggested that the modification of histone H3 was highly correlated with the modulation of cytokeratin 18 and probably plays an important role in tumorigenesis of hepatocytes. Aberrant expression of histone deacetylase leading to imbalance between acetylation and deacetylation of histones may exhibit regulatory roles in tumor transformation. Recently we found that overexpression of histone deacetylase-1 and hypoacetylation of histone H3
were associated with hepatocellular carcinoma. The underlying roles of histone H3 modulation are discussed in this mini-review article.
Hepatocellular carcinoma (HCC) is a cancer with high incidence and mortality in Taiwan. HCC cells exhibit different morphological features in divergent shapes and having pleomorphic nuclei from normal liver cells. Microtubules (MTs), intermediate filaments (IFs), and microfilaments (MFs) are major components of the cytoskeleton that are essential to maintain the integrity of eukaryotic cells (1) . Proper cross-linking structures among these cytoskeletal proteins are crucial for intracellular architectures and normal cellular morphology. Plectin exhibits the binding sites accessible to IFs, MTs and MFs rendering the interaction with a variety of cytoskeletal components to maintain the integrity of the cytoskeletal network (2). The rope-like IFs have a mean diameter of 10 nm and mainly play a role in maintaining the shape and mechanical integrity of a cell (3). In human hepatocytes, a cytokeratin (CK) pair composed of CK8 (type II, 52 kD) and CK18 (type I, 45 kD) renders IFs (4). CKs are required for maintaining the integrity of hepatocytes (5) . Altered expression of keratin genes were associated with chronic hepatitis, increased hepatocyte fragility and decreased bile secretion (6) .
In eukaryotic nucleus, the organization and packaging of DNA are achieved by addition of histone proteins to form chromatin. Post-translational modifications of histones, such as acetylation, phosphorylation, methylation and ADPribosylation, frequently alter the structure of chromatin (7) . Epigenetic modifications of histone, especially acetylation status, altering the chromatin structure are involved in gene expression and further intervened in the pathogenesis of cancer. Two types of enzymes, including histone acetyltransferases (HATs) and histone deacetylases (HDACs), affect the acetylation status of histones. Recently it was reported that alterations in the activities of HDACs, as well as aberrant acetylation of histone, lead to diseases including cancer (8) . HDACs catalyze histone deacetylation and repress transcription of specific genes, such as p21, resulting in cell-cycle activation and cell proliferation (9) .
The investigation of histones in our laboratory originated in a study of CK18, in which we found that CK18 was coimmunoprecipitated with histone H3 in human HCC, but not in normal liver. We speculated that both histone H3 and CK18 were modulated in HCC, which was shown in the co-immunoprecipitation of our experiments. Our opinion could be important for exploring the tumor transformation in the development of human HCC. However, by reviewing the literature to date, we found that the relation between histone modification and cytoskeleton modulation was not investigated. In this review, we display our series of studies proposing towards CK18-associated histone 3 modulations in HCC.
Disorganization of CK18 Triggered by Plectin Deficiency in Human HCC
We investigated the CK molecules of liver cells and asserted the modulation of CK18 during tumor transformation in HCC tissue and hepatoma cell lines in our previous studies (10, 11) . We also found that deficiency of plectin (a crosslinking protein in cytoskeleton) in liver cells triggered the modulation of CK18. The disorganization of CK18 and altered levels of CK18 expression is associated with plectin knock-down (12, 13) and degradation (14, 15) in liver cells. In consequence, liver cells showed cytoskeletal augmentation and pleomorphic changes. Furthermore, we discovered plectin-deficient human hepatic cells exhibited higher cell motility in association with increased focal adhesion kinase activity that was comparable to the properties of invasive HCC (16) . Recently, we reported that higher cell motility and collective cell migration are associated with deficiency in plectin and increased expression of E-cadherin in hepatoma cells (17) . Plectin may be involved in the regulation of cell motility that is related to the invasiveness of HCC. We also suggest that hepatoma cells with plectin deficiency and high level of E-cadherin expression are more sensitive to sorafenib treatment (17) .
Histone H3 Co-immunoprecipitated with CK18 in Human HCC
In addition to the modulation of CK18, a group of proteins with a molecular weight range between 12.4-18.4 kDa (mainly 14 kDa) were also found in HCC. These low molecular-weight proteins were designated as HCC CK in our previous reports due to their specific association with CK18 in immunoprecipitation experiments (10, 11) . It was, at first, thought that HCC CK was derived from CK18 in HCC. However, the following evidence demonstrating different origins of HCC CK and CK18 were found in our studies. Firstly, use of an anti-CK18 antibody failed to detect HCC CK on western blot assays; in contrast, HCC CK was detected by the use of an anti-histone antibody, indicating discrepancy in antigenicity. Secondly, N-terminal sequence mapping of HCC CK revealed high homology to that of histone rather than CK18. However, not all histones were found in the HCC CK fraction isolated from human HCC.
Western blotting assay only detects histone H3 in HCC while the signals of H1, H2A, H2B, and H4 were not present (18) . Therefore, we proposed a hypothesis that the structure of chromosomes and the organization of nuclei were unstable and more fragile in HCC, leading to histone proteins accessible to extraction procedures, and in consequence the histone H3 was co-immunoprecipitated with CK18. The hypothesis was verified by series of experiments using anti-CK18 and antihistone H3 antibody for immunoprecipitation in human liver and HCC tissues, respectively. The data suggested that histone H3 and CK18 was co-immunoprecipitated and simultaneously exist in HCC cells, while this phenomenon was not observed in normal liver cells (19) . It is widely accepted that expression of CK18 affects nuclear organization then further impacts the integrity and stability of HCC cell nuclei. Reorganization of cytoskeleton perturbing the function of nuclear matrix was the suggested mechanism since Barboro et al. reported that dramatic changes in the expression of both the nuclear matrix and IF proteins occur during transformation of rat hepatocyte nodules (20) . Our latest study also showed that nuclear pleomorphism of hepatoma cells is correlated with the cytoplasmic disorganization of cytoskeleton caused by plectin deficiency; irregular nuclear shape resembled pleomorphic nuclei in cancer cells were observed in the plectin-knockdown liver cells (21) .
Hypoacetylation of Histone H3 in Human HCC
The roles of histone modification, especially acetylation and deacetylation, in the development of cancer have been recently investigated. HDACs exhibit important roles in histone modification and chromatin remodeling. Deacetylation of histones activates gene expression involved in the molecular pathway of HCC tumorigenesis was reported by Buurman et al. (22) . Abnormal expression of HDACs causes aberrant level of histone acetylation and in consequence may lead to tumor transformation in human HCC. Our evidence showed that aberrant acetylation was associated with the modulation of histone H3 in human HCC. We found in human HCC tissues, the level of histone H3 and HDAC1 was increased whereas the content of acetylated histone H3 (AH3) was reduced in comparison to those in normal liver tissues (23) . Therefore, we suggested that hypoacetylated modification of histone H3 is derived from enhanced expression of HDAC1 in human HCC. In a separate report by Farooq et al., altered expression of HDAC1 in HCC was found to regulate the critical factors related to the processes of liver carcinogenesis (24) . In our studies, data supported that hypoacetylation of histone H3 accompanied with enhanced expression of HDAC1 was involved in the development of human HCC (23) . The mechanism of HDACs involved in tumor transformation of HCC is still unclear. Aberrant regulation of cell cycle and apoptosis were the proposed mechanisms. Buurman et al. found that in liver cells, microRNA-449 specifically binds to c-MET mRNA, can promote apoptosis and inactivates cell proliferation. It has been found that enhanced expression of HDAC1-3 was associated with reduced level of microRNA-449. Consequently, proliferation-inhibiting effect mediated by microRNA-449 was suppressed (22) . Sun et al. also reported that microRNA-34a regulates HDAC1 expression to affect the proliferation and apoptosis of hepatocellular carcinoma. Low microRNA-34a expression and high HDAC1 expression in HCC are closely related to the occurrence and development of HCC (25) . The correlation of the HDAC expression with tumor progression was reported but the completion was still controversial. Rikimaru et al. advocated that in human HCC, increased expression of HDAC1 was associated with higher invasiveness, lower differentiation, and poor prognosis (26) . In contrast, Zhao et al. claimed that expression of HDAC1 was significantly higher in HCC tissues than that in adjacent tissues, but there was no statistical difference between HDAC1 with tumor stage (27) 
Applications of HDAC Inhibitor for the Therapy of HCC
Recently, HDAC inhibitors are being applied under the rationale of cancer therapy. Many investigations applying HDAC inhibitors for treating HCC are undergoing and many articles have been published worldwide. A novel hydroxamic acid-derived HDAC inhibitor, LBH589, suppresses proliferation and metastasis of HCC by mediating inhibitory effect on gankyrin/stat3/akt pathway (28) . The pan-deacetylase inhibitor, panobinostat, affects angiogenesis in HCC models by regulating connective tissue growth factor expression (29) . Vaproic acid exhibits HDAC4-inhibitory activity arresting HCC cell growth via increasing acetylation of histone H4 and suppressing notch signaling (30) . Droxinostat, a HDAC inhibitor, was found to suppress HDAC3 expression and induce acetylation of histones H3 and H4. This compound can inhibit cell proliferation and induce apoptosis in HCC cell lines by activating mitochondrial apoptotic pathways (31) . A novel histone deacetylase inhibitor, MPT0G009 was reported to be a potential new candidate drug for HCC therapy. The research team found that MPT0G009 can induce cell apoptosis and synergistic anticancer activity with tumor necrosis factorrelated apoptosis-inducing ligand against HCC (32) . Considering the immunotherapy, suberoylanilide hydroxamic acid (SAHA, a HDAC inhibitor) regulates the expression of microRNA-17-92 cluster then epigenetically elevates the level of major histocompatibility complex class I-related chain molecules A (MICA) and maintains complex component 7 (MCM7) in hepatoma. The outcome is to enhance the sensitivity of HCC to natural killer cell-mediated lysis (33) . Combined pharmaceutical treatment has also become a popular issue in cancer therapy. Sorafenib inhibits SAHAinduced NF-ĸB activity that regulates the expression of oncogenic proteins. Combined with sorafenib, SAHA exhibits enhanced therapeutic efficacy against HCC in vitro and in vivo through the mechanism suppressing ERK/NF-ĸB signaling pathway (34) . A phase-I dose-escalation study of the mTOR inhibitor sirolimus and the HDAC inhibitor vorinostat in patients with advanced malignancy was reported. The authors reported that this therapy is a safe and efficacious for several cancer types including HCC (35) . This evidence supports that HDAC inhibitors reveal emerging applications for treating advanced HCC.
Conclusion
In human HCC, our investigational data suggested discrepancy in immunospecificity of CK18 between HCC and normal liver tissues. We further specified the human HCC-associated changes in histone H3. A great amount of evidence indicates that expression of histone H3 was highly related to the modulation of CK18 and likely plays an important role in tumorigenesis of human HCC. Furthermore, we confirmed that CK18 modulation and nuclear pleomorphism in HCC was correlated with the plectin deficiency. Our studies verified the previous observation that overexpression of HDAC1 in HCC catalyzes histone deacetylation and results in hypo-acetylated histone H3. Therefore, activation of HDAC1 is likely involved in tumor transformation of human HCC. In addition to surgical resection and trans-arterial chemoembolization, application of HDAC inhibitors provides an option for the treatment of human HCC. Figure 1 summarizes our concept regarding the CK18-associated histone 3 modulation involved in the tumor transformation of human HCC.
